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He very likely was the first scientist to speculate about moving the Barth, but modern exploration geophysicists were probably the first to make such a daring idea the very underpinning of their systematic investigations. For, indeed, moving the Barth -admittedly on a very small scale, nothing like what Archimedes had in mind -is precisely what we must do to generate the seismic waves we need to bring us information about the subsurface.
The part of the wave in which geophysicists are most interested is the wavefront; i.e., a surface over which the phase of the traveling wave disturbance is the same If we know the position of a wavefront at a certain time we can find its subsequent position at any later time by means of one of the most elegant and fundamental concepts in seismology -Huygens' principle.
The great Dutch scientist Christiaan Huygens (16294695) was one of the most formidable intellects who followed in the immediate wake of Galileo. Huygens had first-rank, possibly genius, talents in many disciplines -astronomy, optics, and mathematics in particular. His contributions ranged from the most far-teaching theoretical speculations to extremely important advances in contemporary technology. Among the latter were the perfection of the pendulum clock and innovations in lens grinding (which led to his discovery of the rings around Saturn). Among the former were some of the basic concepts in the theory of probability and the famous principle of wave motion which bears his name.
To explain Huygens' principle, let us go back to the previous article in this series (The wave equation July 1987) and recall the three-dimensional wave equation. In the case of a homogeneous isotropic medium (meaning the wave velocity is the same at all places and in all directions), the wave equation yields a particularly simple and beautiful solution: the spherical wave. Not surprisingly, a spherical wave is one in which the successive wavefronts of wave motion emanating from a point source are concentric spheres centered on the source. If we slice through the three-dimensional physical reality to produce a two-dimensional cross-section, the spheres will become circles (Figure 1 ).
H uygens' principle dates from 1690 and thus significantly precedes the development of the wave equation, but Huygens' insight was so profound that his principle actually makes use of the so-called Green' s function in the subsequently confirming mathematics. The basis of Huygens' concept is that each point along a wavefront may be viewed as a point source that produces a secondary spherical wavelet (known as the Huygens' wavelet) which propagates away from the point in all directions. In Figure 2 , curve AB represents the instantaneous position of a wavefront. In order to find the location of the wavefront after an interval of time (designated by the customary Af), we draw circles of radius v A1 (v, of course, is the wave velocity) about a series of points in AB. The sum, or envelope, of these secondary wavelets is the new wavefront A' B' . The envelope is the surface tangent to all of the secondary spheres.
This technique, known as Huygens' construction, is one of the most elegant products of classical physics. But, as usual, the physical reality is more complicated than the theory because the logical conclusion of Huygens' theory is that two, not just one, disturbances would be propagated -one on each side of the wavefront and traveling in opposite directions. However, it is common knowledge that disturbance occurs only in the "forward" direction of wave propagation and that the theoretical "backward" disturbance, predicted by Huygens' principle and shown by dashed line A"B" in Figure 2, I n most cases, when a wave arrives at a boundary between two different media, part of the wave' s energy is reflected back into the original medium and part of it is transmitted into the new medium but at a different direction (i.e., refracted). The study of reflection and refraction is facilitated by the use of rays. In an isotropic medium, a ray is a line that is everywhere perpendicular to the successive wavefronts. While seismic energy does not travel only along raypaths, the greater part of the energy does indeed follow them. (Some seismic energy would reach a point by diffraction even if the raypaths between the point and the energy source were blocked.) Raypaths therefore constitute a very useful method of studying wave propagation. This discipline is called geometrical seismics or geometrical acoustics. It is the geophysical counterpart of the well known subject of geometrical optics.
(There is an interesting facet of geometrical seismics which does not appear in the textbooks on geometrical optics. Because light occurs at such high frequencies and travels at such a high speed, the waveforms of light are not measured as a function of time As a result, geometrical optics deals only with the spatial paths of light rays. However, in seismic work, we do routinely measure waveforms and the seismic section is the resulting spacetime representation. In geometrical seismics, therefore, we must consider space-time paths in addition to purely spatial paths. As we will see in these articles, this space-time feature adds a whole new dimension to the classic ray theory as found in books on geometrical optics and it was a decisive factor, via LRt us initially apply Huygens' principle to a wavefront that is completely reflected from a plane surface and see how it specifies the direction and curvature of the reflected wavefront. Figure 4 illustrates the reflection of a spherical wave. The surface ABC represents the hypothetical position of the wavefront if the plane reflecting surface were not present. When the wave reaches P (the nearest point of the reflecting plane to the source S), the point P becomes the origin of a secondary wavelet. At immediately succeeding instants, the adjacent points to the left and right of point P are struck by the incident wavefront, and they in turn also become sources of secondary wavelets. The totality of the secondary wavelets emitted by the successive points on the reflecting plane has the spherical surface AB' C for its envelope. We notice that the reflected wavefront appears to come from some point S' behind the reflecting plane; in fact, it' s a simple matter to show that S' is the mirror image of the source point S.
N ow let' s use Huygens' principle to derive the direction of a reflected ray that is not perpendicular to the reflecting surface.
In Figure 5 ,O is the angle of incidence (by definition, the angle that the incident ray makes with the normal to the reflecting interface). The corresponding angle of reflection is denoted 0' . The incident wavefront falls along the line AB, which is shown in Figure 6 at the instant point B strikes the reflecting surface. Some of the energy in the incident wave at point B will reflect toward point D. As the incident wavefront continues toward the interface, each point between B and C will successively serve as a point source for secondary wavelets which will propagate back into the original medium. When the incident wavefront reaches point C, the reflected wavefront will be on line DC. The speed of the reflected wave is the same as that of the incident wave, making the length of line AB equal to that of line CD. Trigonometry can then be used to establish one of the cornerstones of seismic theory; i.e., that 8 = 8' , or the angle of incidence is equal to the angle of reflection. This is called the law of reflection.
Of course, in most cases, all of the energy will not be reflected from the interface but some will be transmitted into the second medium. When the wave (not at vertical incidence) enters another medium with a different speed, it will change direction --or undergo refraction. Figure 6a illustrates Huygens' construction of a refracted wave.
We suppose that the velocity ~2 in the lower medium is greater than velocity y in the upper medium. When the incident wave reaches the interface at B, the wavelet radiating from B into the lower medium travels faster than the wavelet moving from A toward C. Wavelets from successive portions of the wavefront entering the lower medium will have longer radii in a given time interval than those traveling in the "slower" upper medium. Thus the refracted ray will bend away from the vertical; the angle of refraction I!& will be greater than the angle of incidence.
This concept is further illustrated in Figure (Although this proof of Snell' s law seems remarkably simple to modern eyes, it somehow eluded mathematicians -unlike the related law of reflection which was known at least as far back as the Greeks -until relatively recent times. Science labored for about 1500 years under a false theory, offered by the famous Claudius Ptolemy of Alexandria, that the angles of incidence and refraction, and not their respective sines, were mathematically joined. The first publication, a slightly incorrect one, of the modern law did not come until 1637. Surprisingly, the author was not Willebrord Snell but RenC Descartes. Snell, reportedly after years of work, discovered the correct version of the law in 1621 but did not publish it. Fellow Dutchman Huygens, born three years after Snell' s death, saw this workwhich subsequently disappeared -and it was due to Huygens' efforts that Snell wa$ given his deserved scientific immortality. Snell had a second profound effect on geophysical exploration because he developed a method of determining distances by trigonometric triangulation and thus was one of the most important pioneers of scientific mapmaking. Snell' s law can atso be derived, even more easily in fact, via differential calculus and that derivation is a prime example of the astounding analytical power of that mathematical tool. See Fermat and the principle sf least time TLE, December 1986.)
In refraction from a slower medium to a faster medium (the usual case in seismic exploration), the rays turn away from the normal. What happens when sin 8, y > y? Snell' s law predicts that sin 0, > 1, an impossibility. However, the theory does not predict an impossibility. Instead, it predicts that such refraction ir; impossible. obstacle has a length approximately equal to X, then the amount of diffraction is large (i.e., many waves easily bend around the obstacle), so that the notion of a shadow zone becomes meaningless. For example, a note at middle C (264 Hz) has a wavelength of 1.3 m. That is comparable to room dimensions, so a sound from around a corner is audible. However, if the obstacle has dimensions very much greater than X, the diffraction into the hidden region becomes negligible and the shadow of the obstacle is relatively sharp. Geophysicists are confronted with diffracted events every day. A textbook seismic example would be the case of a sharp geologic discontinuity such as the abrupt termination of a reflector at a fault plane. We can see the hyperbolic diffraction curve generated by the discontinuity on the seismic section, but the seismic data is still sharp enough to allow delineation of the fault plane (Figure 9 ). Diffraction allows us to account for the penetration of wave motion into regions forbidden by geometrical seismics. The law of reflection and Snell' s law are not required to hold for diffracted rays. However, Huygens' principle does remain in force. Its explanation of the movement of diffracted waves around an obstacle is shown in Figure 10 .
In fact, this use of Huygens' principle, in particular in its embodiment in Kirchhoff' s solution of the wave equation, might be interpreted as basic In this sense, a reflection may be thought of as the interference result of diffraction from points lying on the reflector. In other words, each source of a secondary wavelet may be considered a diffraction source . . . and Huygens' construction represents the resulting interference pattern. Although each individual diffraction point on the reflecting surface does not obey the law of reflection (since the diffracted rays go in all directions), the resulting envelop does yield a wavefront obeying the law of reflection. I n conclusion, we hesitantly offer a conjecture about Huygens' principle . . . hesitantly because some seismologists might consider it anathema. Huygens' abilities were not limited to science. He was also an accomplished artist and examples of his work are reproduced at the beginning of this article; they appeared in the original publication of Huygens' Thift?de Ia lumith and represent his own graphical conception of Huygens' principle. Could it possibly be that such an elegantly beautiful explanation for an ever-present natural phenomenon resulted more from Huygens' artistic sensibilities than from rigorous scientific analysis? g T he wave which travels along the interface, after the incident wave strikes at the critical angle, is known as the head wave. See Figure 8 . As the head wave travels along the interface, it continuously feeds energy back up into the slower medium. This escaping energy leaves the interface at the same angle, the critical angle. Naturally this escaping energy can be detected at the surface by geophones and this is the fundamental principle of seismic refraction prospecting, the most important method of geophysical exploration for petroleum in the 1920s. It is still used but long ago yielded its dominant position in exploration to the refledtion method.
When waves pass around an obstacle or through an aperture, they tend to curl around the edges so that the shadow of the obstacle on the downstream side is not sharply defined. This aspect of wave behavior is called diffraction. Diffracted sound waves can be heard around corners, and water waves entering a harbor spread into the area behind the breakwater. The amount of diffraction can be qualitatively determined by the ratio of the linear dimensions of the obstacle to the wavelength X. If the
